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A STUDY TO DEVELOP NEUTRON ACTIVATION 
FOR MEASURING BONE CALCIUM CONTENT 
by 
H. R. Lukens, Jr., D. M. Fleishman, and J. K. Mac Kenzie 
SUMMARY 
A study of the feasibility of utilizing neutron activation analysis for 
the in vivo determination of bone calcium in the macaque monkey has been 
carried out. Theoretical calculations showed that the absolute determination 
of bone calcium by in vivo neutron activation analysis is highly dependent on 
the use of comparator standards that accurately represent the size, shape, and 
composition of the specimen. This requirement, which was experimentally 
proven, is primarily dictated by neutron behavior in the specimen. Other 
factors are straightforward, as has been demonstrated by a number of authors, 
Accurate models of a vertebra and a femur were constructed of calcium- 
loaded plastic, and analyses of two vertebrae and a femur were carried out 
under simulated in vivo conditions (total radiation doses of 1.5 rem in most 
cases, and about 6 rem in some cases) using the models as comparator standards. 
The absolute calcium values were confirmed by both high-flux neutron activation 
analysis and atomic absorption analyses. The average values (and standard 
deviations) of the three methods, in grams of calcium, were as follows: first 
vertebra = 1.49 (+0.04), second vertebra = 1.59 (+0.08), femur = 8.30 ('0.11). 
With sufficiently accurate comparator standards, it is estimated that 
in vivo neutron activation analysis is capable of determining absolute calcium 
levels in the whole body to within 2% to 3% of the actual value. Accuracies 
and precisions commensurate with the above experimental findings are expected 
in the analysis of selected portions of the body. Even better precisions are 
anticipated for observing relative changes of calcium in a given specimen by 
serial measurements. It is concluded that useful application of neutron 
activation analysis for in vivo calicum determination in the macaque monkey is 
feasible. 
INTRODUCTION 
The work described in this report consisted of a study of the feasibility 
of utilizing neutron activation analysis for the in vivo determination of 
bone calcium in the macaque monkey. The author wishes to acknowledge at the ' 
outset the cooperation of Dr. Donald R. Young of the Biomedical Research 
Branch of the National Aeronautics and Space Administration Ames Research 
Center, Technical Monitor of the contract under which this work was performed, 
who provided material and suggestions which contributed to the success of the 
program. 
As stipulated by the terms of the contract, the work was divided into 
two phases. Phase A consisted of a theoretical treatment and a literature 
survey concerning the most suitable equipment and procedures for measuring 
the calcium in selected parts of the body and in the whole body of a macaque 
monkey, especially M. nemestrina, weighing about 10 kg. Phase B consisted 
of (1) experimental confirmation of the sensitivity and reproducibility of 
the neutron activation analysis method for determining calcium in known 
standards of varying calcium content, and (2) determination of the calcium 
in a femur and vertebra of the macaque monkey by neutron activation analysis, 
with analytical confirmation by an independent assay. 
Although not specifically stipulated in the contract, the major portion 
of Phase B was carried out at radiation levels acceptable for in vivo appli- 
cation. Femoral and vertebral standards were prepared from molds of actual 
bone specimens to have exact exterior dimensions. Both the standards and 
the bones were irradiated with neutrons from a nuclear reactor in such a 
manner that they received total radiation doses, consisting of thermal 
neutrons, fast neutrons, and gamma rays, of less than 6 rem in any single 
experiment. Following neutron activation, each irradiated specimen was 
examined by gamma-ray spectrometry to obtain an estimate of the amount of 
radioactive calcium, specifically ca4', that had been formed during the 
irradiation by the ~a~~ (n, y)~a49 reaction. 
The procedures used in Phase B were derived from the findings of Phase 
A plus unpublished data available at this laboratory. In addition to the 
development and application of a practical procedure for the analysis of 
actual bones on an in vivo basis, experiments were carried out to indicate 
the effects of tissues of various thicknesses and in various positions 
adjacent to bones. 
For the reader who may not be acquainted with neutron activation analysis, 
a brief description of the method is given below. The remainder of the 
report consists of descriptions of Phases A and B of the program, followed 
by a discussion of the results obtained. 
Neutron activation analysis utilizes neutron-induced nuclear reactions 
to form radionuclide species that can be used as analytical indicators. A 
useful indicator can be formed from at least one of the naturally occurring 
isotopes of most of the elements, and the decay characteristics of each 
indicator radionuclide species are peculiar enough to that species to allow 
unequivocal identification and quantitation. Other factors being equal, the 
amount of a particular indicator radionuclide species produced by the neutron 
irradiation of a certain element in a sample will be linearly proportional 
to the amount of that element in the sample. 
An important characteristic of a radionuclide is its half-life. Starting 
with a given number of atoms of a radionuclide species, only half of that 
number will remain after a one half-life period of time. The atoms disappear, 
of course, by radioactive transformations, wherein they give up energy in 
the form of emitted radiations as they are transformed into a different 
nuclide species. The most convenient way of measuring the number of atoms 
of a radioactive species present in a given sample is to measure, with 
suitable instrumentation, the intensity of the characteristic radiation of 
the species emitted from the sample. The radiation intensity is often 
spoken of as "radioactivity" or "activity," and the activity, A, is related 
9c 
to the number, N , of radioactive atoms of a given species by the equation 
where t is the half-life of the species. 112 
Fundamental Equation of Neutron Activation Analysis 
The activity of a radionuclide species that is formed from a precursor 
nuclide species in a sample by a neutron-induced reaction is given by the 
equation 
where A = the activity at the end of the irradiation, 
0 
ti = the duration of the irradiation, 
t 
1/2 = the half-life of the radionuclide species, 
N = the number of atoms of the precursor species in the irradiated 
sample, 
$ = the flux of neutrons impinging on the sample during the irradiation, 
o = the so-called "cross section" of the reaction. 
The parenthetical term in Eq. (2) is called the "saturation factor." 
2 
The reaction cross section, 0, is usually given in cm /nucleus. It 
defines the probability that the particular reaction will be produced by 
neutrons of a particular energy. Furthermore, the reaction cross-section 
value varies with neutron energy. Hence, where the neutron flux value, 
2 
which is usually expressed as neutrons/cm /sec, is given for a particular 
energy of neutrons, the cross section value appropriate to that energy of 
neutrons should be used. Where the flux value applies to neutrons having a 
range of energies, the appropriate "effective1' cross-section value should 
be used. 
Neutron Sources 
The two most commonly used sources of neutrons for activation analysis 
are the research nuclear reactor and the Cockroft-Walton generator. 
The reactor produces high fluxes of neutrons by the nuclear fission 
process, which gives rise to neutrons having an energy spectrum of from a 
small fraction of a million electron volts (MeV) to around 20 MeV. The 
average energy of the fission-spectrum neutron is about 1.5 MeV. For reasons 
of neutron economy, the majority of fission-spectrum neutrons are moderated 
(reduced in energy via elastic and inelastic collisions) to ambient temper- 
ature energies, after which they are spoken of as "thermal neutrons." 
Thermal neutrons have an average energy of about 0.025 eV (at about 20°C). 
The result is that fluxes of both fission-spectrum and thermal neutrons 
exist in the reactor core. For example, in the outermost ring of fuel 
elements in a Gulf Genera1 Atomic TRIGA Mark I reactor, there are fission- 
12 2 
spectrum and thermal-neutron fluxes of 3.5 x 10 n/cm -sec and 2.5 x 10 12 
2 
n/cm -sec, respectively, when the reactor is operating at 250 kW. 
The Cockroft-Walton generator in most prevalent use accelerates 
deuterium ions to 150 to 200 keV, after which they are impinged on a triti- 
3 2 
ated metal target. This affects the H (H ,n)He4 reaction, and the neutrons 
produced have energies close to 14 MeV. Machines costing $20 000 to $25 000 
(roughly 10% of the cost of a reactor) can produce a total of 1 x 1011 to 
2.5 x 10" 14-MeV neutrons per second. The neutrons travel in all directions 
from their point of production, so the actual fluxes of 14-MeV neutrons 
9 2 
attainable at a sample position are on the order of 10 n/cm -sec. Because 
thermalization requires a geometry sacrifice (for insertion of moderating 
material) in proportion to the fraction of neutrons thermalized, only 
7 2 
comparatively modest thermal-neutron fluxes, on the order of 10 n/cm -sec, 
can be obtained; and, except when the geometry sacrifice is very great, the 
high-energy neutron flux remains substantially high. 
Other devices, such as Van de Graaff generators, cyclotrons, betatrons, 
and electron linear accelerators, can also be used to generate neutrons. 
However, these are less commonly used than the two sources discussed above, 
owing to such factors as their comparatively poor availability, high initial 
cost, or relatively poor neutron output. 
Radioactivity Measurement 
With only a few exceptions, useful analytical indicator radionuclides 
that emit gamma rays can be produced from elements by neutron activation. 
Gamma rays have the characteristic of being both monoenergetic and highly 
penetrating. The latter property is important in the measurement of radio- 
isotopes in samples of reasonable size. The former property provides for 
qualitative identification, since the gamma rays from each species of emitter 
have unique energies. No other type of radiation from radionuclides has these 
properties. Although x-rays, which arise from some modes of decay, are 
monoenergetic, in general they have insufficient energy for suitable pene- 
tration. 
Two kinds of detectors are in common use for the measurement of gamma 
rays: the thallium-activated sodium iodide crystal and the lithium-drifted 
germanium detector. The former converts and reemits a certain fraction of 
absorbed gamma-ray energy as visible and near-visible light, the amount of 
light emitted being directly proportional to the amount of absorbed gamma- 
ray energy. A multiplier phototube is used to convert the emitted light 
into an electrical pulse that is still proportional in strength ("height," 
in more common parlance) to the gamma-ray energy deposited in the NaI(T1) 
crystal. 
A Ge(Li) detector operates as a reverse-bias transistor, and it momen- 
tarily produces an electrical pulse when ions are formed within its sensitive 
region by the action of gamma rays. The electrical pulse is proportional in 
height to the gamma-ray energy deposited in the sensitive region of the 
device. 
Electrical pulses from either device may be linearly amplified and 
measured with a pulse-height analyzer. The modern multichannel pulse-height 
analyzer divides the pulse-height spectrur into narrow channels corresponding 
to a few keV of gamma-ray energy, sorts tbe incoming pulses of all energies 
into the channels corresponding to their energies, and stores them in corre- 
sponding locations in a magnetic-core memory. A means of accounting for the 
number of pulses stored in each memory channel is also provided. 
A gamma ray may deposit all of its energy in a detector, in which case 
the resulting pulse will be stored in one of a limited number (the number 
depending on the resolution of the spectrometer system) of channels. However, 
an appreciable fraction of gamma-ray interactions are such that the gamma 
ray is scattered out of the detector after deposition of only part of its 
energy. Because of the variability of deposited energy that results from 
such events, the resulting pulses are distributed among a large number of 
channels. Hence, the gamma-ray pulse-height spectrum of a sample will 
display a continuum of responses corresponding to scattering events, above 
which will be seen peaks corresponding to complete deposition events. 
NaI(T1) detectors are available in larger sizes than Ge(Li) detectors. 
A commonly used 7.6-cm-diameter by 7.6-cm-long NaI(T1) detector has a volume 
of about 345 cc, while the largest available Ge(Li) detectors have a volume 
of only about 50 cc. Thus, although the Ge(Li) detector systems have much 
better energy resolution than the NaI(T1) detector systems, the latter are 
much more efficient with respect to the absorption of total gamma-ray energy, 
especially in the case of the high-energy gamma rays that are of interest in 
the present program. 
In a gamma-ray spectrum, the peaks have both qualitative and quantitative 
value, and the rate at which counts are recorded in a peak (the peak counting 
rate) is related to the rate at which the corresponding gamma rays are being 
emitted from the sample by an efficiency factor. The peaks, peak counting 
rates, and peak counting efficiencies are generally termed "photopeaks," 
"photopeak" counting rates, and "photopeak" counting efficiencies, respec- 
tively, since the photoelectric process is the dominant means of total gamma- 
ray absorption in the detector (or, for higher gamma-ray energies, Compton 
scattering followed by photoelectric absorption). 
The photopeak counting efficiency is a function of the kind and size of 
detector employed, the gamma-ray energy, the geometric relationship between 
the sample and the detector, and the fraction of disintegrations that lead 
to emission of the gamma ray in question (the gamma-ray yield). The latter 
factor derives its importance from the fact that certain radionuclide species 
do not emit a particular gamma ray in every disintegration. For example, 
ca4' emits a 3.10-MeV gamma ray in 89% of its disintegrations, rather than in 
every disintegration. 
Where the photopeak counting efficiency factor is E, Eq, (2) may be 
expressed to give the photopeak counting rate, R: 
Analytical Practice 
The photopeak counting rates that can be expected with a given gamma-ray 
spectrometer system, following an irradiation of specified flux and duration, 
can be calculated with Eq. (3). Conversely, where all system parameters are 
defined, Eq. (3) may be used to determine N, where R has been measured. In 
this case, since some appreciable decay of the radionuclide being measured 
may occur from the end of the irradiation to the effective time of the count- 
ing period, it may be necessary to make a decay correction in accordance with 
the following equation: 
where R = the photopeak count rate at the end of the irradiation, 
0 
R = the photopeak count rate at the time of the counting period, 
td = the time interval between the end of the irradiation and the 
counting period. 
Once N has been determined, the amount of the element present in the 
sample is easily derived from the fact that each of the various stable 
isotopes of each element occurs in nature in a well-defined fraction of the 
4 8 total. For example, the isotope Ca , which is the precursor species of 
4 8 4 9 
ca4' in the Ca (n,y)Ca reaction, makes up 0.185% of naturally occurring 
4 8 
calcium. Therefore, the number of Ca atoms determined to be in a sample 
may be divided by 0.00185 to obtain the total number of calcium atoms in the 
sample. 
A more common practice is to use comparator standards containing known 
amounts of the elements to be determined. If the comparator has the same 
geometry and neutronic properties as the sample, and if it is irradiated 
and counted in exactly the same way as the sample, then the count rate of 
the appropriate photopeak of the sample may be compared with that of the 
standard to obtain a quantitative analysis. This procedure avoids the 
necessity of knowing the precise values of the flux, cross section, photopeak 
counting efficiency, etc., and better accuracy and precision are the result. 
PHASE A 
Preliminary Considerations 
Calcium activation.- Computations have been made of the gamma-ray photo- 
peak counting rates that are obtainable with a 7.6-cm-diameter by 7.6-cm-long 
EaI(T1) detector, coupled to a multichannel pulse-height analyzer, subsequent 
to a 1-hr irradiation of 1 g of each of the stable elements in the TRIGA 
Mark I nuclear reactor (ref. 1). In these calculations, which covered 896 
reactions, the thermal-neutron and fission-spectrum neutron fluxes in the 
12 2 irradiation position were each taken to be 3.5 x 10 n/cm -sec. Thermal- 
neutron reaction cross sections were taken from Hughes and Schwartz (ref. 2), 
and fission-spectrum neutron reaction cross sections from Roy and Hawton (ref. 
3). Photopeak counting efficiencies were computed from NaI(T1) response 
efficiency data given by Heath (ref. 4) and the gamma-ray yields given by 
Strominger, Hollander, and Seaborg (ref. 5). The sample size was taken as 
1 cc (approximately equidimensional); and the source-to-detector distance 
was that obtained when the detector was covered with a 1.25-cm-thick plastic 
beta-particle absorber, with the sample ?laced on top of the absorber. 
The reactions that lead to the production of gamma-ray emitting radio- 
nuclides from the six stable calcium isotopes and the computed photopeak 
counting rates obtained from 1 g of calcium under the above conditions are 
4 8 
given in table 1. Clearly, the Ca (n,y)Ca49 reaction provides the greatest 
sensitivity for the determination of calcium. Furthermore, the 3.1-MeV gamma 
ray emitted by ca4' falls in a spectral region that is subject to little 
interference from gamma rays of radionuclides derived from reactor neutron 
irradiation of other elements present in biological tissue. Also, the 3.1-MeV 
gamma ray is more penetrating than the weaker gamma rays of the other product 
isotopes, which minimizes matrix effects in the examination of large samples. 
The 14-MeV neutrons from a Cockroft-Walton generator are generally not 
used to determine calcium by activation analysis. Using the cross-section 
values listed by Kenna and Conrad (ref. 6), one can compute that a 14-MeV 
9 2 
neutron flux of 10 n/cm -sec will produce less than 10% of the amount of 
any radionuclide activity from calcium than can be obtained with a reactor, 
and the amount of ca4' produced will be many orders of magnitude less. Thus, 
the best means of measuring calcium with such a generator is to utilize 
hydrogenous material to moderate the neutrons so that thermal neutrons will 
be available to most efficiently promote the ~a~~ (n, y)~a49 reaction. From 
12 2 Eq. ( 3 ) ,  it can be seen that if a thermal-neutron flux of 3.5 x 10 n/cm -sec 
8 
can produce 1.4 x 10 photopeak cpm of Ca4' per gram of calcium (table I), 
7 2 then a thermal-neutron flux of 10 n/cm -sec (which is usually the best that 
can be achieved with a small Cockroft-Walton machine) will produce only 
2 4.0 x 10 photopeak cpm of ca4' per gram of calcium. 
However, the relatively poor ca4' yield from a Cockrof t-Walton generator, 
compared with that from a reactor, is not per se sufficient reason to rule 
out the use of such a generator in the present work, since radiation-dose 
considerations preclude the use of maximum reactor fluxes for in vivo 
investigations. 
Radiation dose.- A listing of the probable effects of various acute 
radiation dosages over the whole body indicates that no effect can be ex- 
pected from 0.3 R, no obvious injury or readily detectable effects are likely 
up to 25 R, and possible blood changes (but no readily detectable or serious 
injury) can be expected from doses of 25 to 50 R (ref. 7). The maximum 
permissible chronic, whole-body dose is defined as 1.25 rem per calendar 
quarter (ref. 8). This information is useful in determining the radiation 
levels that are acceptable when studying the bone calcium of the macaque 
monkey by in vivo neutron activation analysis, especially where serial 
measurements are to be made. The fact that blood changes are among the first 
noticeable effects of excessive radiation implies damage to biological 
mechanisms residing in the bone. Hence, it is suggested that acute doses 
given in bone-study work be kept well below 25 rem, and preferably not much 
above the maximum permissible adult human dose. 
The relative biological effectiveness (RBE) of gamma rays is unity. 
Therefore, roentgen measurements of gamma-ray doses are equivalent to rem 
values. In contrast, the RBE of neutrons is greater than unity, and varies 
with their energy. In terms relevant to the applications of neutrons in the 
present study, the integrated neutron fluxes of neutrons of various energies 
required to deliver 1 rem are given in table 2, which is taken from the 
Federal Register (ref. 8). It can be seen from table 2 that dose consider- 
ations, in addition to analytical-indicator formation considerations, favor 
the use of thermal neutrons over the use of either 14-MeV neutrons or fission- 
spectrum neutrons. 
From a practical standpoint, an irradiation should not be too brief to 
allow accurate timing. On the other hand, high saturation factors are ob- 
tained for the production of ca4' rather quickly (75% saturation in 17.6 min; 
see Eq. (2)). Based on these two factors, the optimum range of thermal- 
6 7 2 
neutron fluxes for the present work is on the order of 10 to 10 n/cm -sec. 
b L A thermal-neutron flux of 10 thermal n/cm -see will deliver 1 rem in 16.1 
min and produce 29 photopeak cpm of ca4' per gram of calcium (when counted 
with a 7.6-cm by 7.6-cm NaI(T1) detector); and a thermal-neutron flux of 
7 2 10 n/cm -sec will deliver 1 rem in 1.61 min and produce 47 photopeak cpm 
of ca4' per gram of calcium. 
Examination of neutron behavior shows that a beam composed solely of 
thermal neutrons suffers appreciable flux attenuation in hydrogenous materi- 
als. This effect can be partially offset by the presence of more energetic 
neutrons that become thermalized within the sample. Hence, a beam containing 
neutrons with energies ranging from thermal to <10 keV is desirable. 
Neutron behavior.- Since somewhat different considerations apply to 
thermal and fast neutrons, these categories are discussed separately below. 
Thermal neutrons: Although the species HI has a rather low atomic cross 
2 
section for the capture of thermal neutrons (3.3 x cm /nucleus), its 
concentration in biological tissues is sufficiently great to effect a signif- 
.t* 
icant amount of thermal-neutron capture. Thermal-neutron flux attenuation 
by this process is described by the expression 
where I = the incident thermal-neutron flux, 
0 
x = the distance the neutron travels from the point of incidence, 
I = the thermal-neutron flux at distance x from the point of incidence, 
n = the number of absorbing atoms per cc of material, 
CI = the atomic cross section for capture of thermal neutrons. 
The concentration of hydrogen in wet tissue is nearly the same as that 
2 2 
of water, namely 6.7 x 10 atoms/cc. Therefore, from Eq. (5), as a result 
of neutron capture, an incident thermal-neutron flux will be reduced by 2.2% 
after traveling through 1 cm of tissue. The mean free path (i.e., the average 
total scalar distance a neutron will travel before it is absorbed) of thermal 
neutrons in water is 45 cm. 
While flux attenuation by absorption is significant, loss of thermal 
neutrons from samples of limited size by scattering and leakage is more 
serious. The atomic cross section of hydrogen for the scattering of thermal 
-23 2 
neutrons is 3.5 x 10 cm per atom. Thus, from Eq. (5), 50% of the neutrons 
>k 
The atomic cross sections of carbon and oxygen for thermal-neutron 
-27 -28 2 
capture are 3.7 x 10 and <2 x 10 cm /nucleus, respectively. Therefore, 
these elements may be ignored in discussing flux attenuation by thermal- 
neutron capture. Other elements, which have much smaller concentrations in 
biological tissue, can also be ignored. 
incident on wet biological tissue will be scattered within the first 0.3 cm 
of travel. This distance may be called the average path length. 
Since the binding energy of hydrogen in most chemical bonds amounts to 
several electron volts, a thermal neutron (0.025 eV) does not have sufficient 
energy to cause much displacement of a hydrogen atom. Therefore, from 
classical considerations, the average scattering angle for neutron scattering 
in biological material may be taken to be 90". The result is, on the average, 
that an array of squares, with 0.3-cm sides, may be used to analyze neutron- 
beam distribution approximately. 
Consider, for example, a disc of tissue-equivalent material that is 
0.5 cm thick and 2.22 cm in diameter, with a thermal-neutron beam normal to, 
and homogeneously falling on, the circular face of the disc. One half of the 
incident neutrons will fall within a radial distance of 0.78 cm from the 
center of the disc face, and one half of the incident neutrons will fall 
outside of that distance; i.e., the circle defined by the 0.78-cm radius 
defines the line of average incidence. Neutrons falling on this circle will 
have a 50% chance of being scattered in the first 0.3 cm of path; 25% will 
be scattered toward the center of the disc and 25% will be scattered toward 
its edge. Of those scattered sideways, 12.5% will be lost from the edge of 
the disc, and 19.75% will be scattered out of each face of the disc. Thus, 
of the incident neutrons, %68% will go through the disc, %18% will be scat- 
tered back out of the entrance face, and %13% will be lost out of the side 
of the disc. 
Although the above distribution analysis is oversimplified, it illus- 
trates how much more effective scattering is than absorption in attenuating 
a thermal.-neutron flux in small specimens of hydrogenous material. 
Fast neutrons: As with thermal neutrons, elastic-scattering interactions 
are much more important than the absorption process in the behavior of fast 
neutrons in hydrogenous material. A fast neutron loses energy in each scat- 
tering event; thus, scattering serves to moderate fast neutrons, in addition 
to effecting their dispersal. 
The average value of the decrease in the natural logarithm of neutron 
energy per elastic-scattering event, which may be denoted by A, is 0.925 for 
water. That is, on the average, the energy of a fast neutron is reduced by 
a factor of 2.53 per scatter in water. If the difference between the natural 
logarithms of the average initial and final energy states of neutrons is 
divided by A, one obtains the average number of collisions required to effect 
the overall energy change in question. For example, thermalization of fission 
neutrons involves an energy change of from 1.5 MeV (average) to 0.025 eV; and 
0.925 = 18 collisions to thermalize 
Similarly, an average of 20 collisions are required to thermalize 14-MeV 
neutrons. 
The atomic scattering cross sections of hydrogen for 14-MeV neutrons and 
2 1.5-MeV neutrons are 6.8 x and 3.4 x cm /nucleus, respectively. 
-24 Corresponding cross sections of oxygen are about 1.5 x 10 cm2 and 
2 3 x cm , but the energy loss to a neutron in a collision with oxygen 
is much less, on the average, than in a collision with hydrogen. Similar 
considerations apply to less abundant constitutents of tissue, such as 
carbon and nitrogen. Thus, in tissue, a 14-MeV neutron has a 50% chance of 
traveling about 15 cm before it suffers its first important energy loss; 
and a fission neutron will travel about 3 cm, on the average, prior to its 
first important collision. 
Clearly, since generator-produced 14-MeV neutrons arise from a small 
area of target, severe geometric penalties are imposed when an attempt is 
made to ,obtain from such a source a neutron beam of the desired qualities, 
i.e., a beam with a high ratio of low-energy to high-energy neutrons. These 
penalties are much less severe in the case of a reactor and, because of the 
much higher neutron output of a reactor, can be more readily tolerated. 
Because of the wide spread of fission-neutron energies, and because of 
the significant loss of energy in the first few collisions, the scattering 
2 
cross section of 1- to 10 000-eV neutrons (namely, 2.2 x cm ) can be 
used with good accuracy in describing the thermalization of fission neutrons. 
The total average scalar distance, D, traveled by neutrons during thermal- 
ization is expressed by the equation 
No. collisions to thermalize D = 
!n> ( 0 )  
Thus, fission neutrons travel an average of 12.2 cm (scalar distance) 
during thermalization in water. The corresponding net vector distance to 
thermalization is slightly less than one-half the scalar distance. Since a 
typical reactor core has a diameter and length each >1.5 ft, it can be seen 
that an appreciable fraction of neutrons leaving the reactor are already 
thermalized. 
Further neutron-spectrum shaping can be obtained by the use of moderating 
material external to the core of the reactor. 
Potential interferences.- Few elements in the body have the proper 
combination of concentration, suitable activation cross section, and gamma- 
emitting activation products to offer serious potential interference in the 
determination of calcium. Examination of the elements which compose the 
body (ref. 9), in conjunction with the neutron-activation products of the 
various elements present (ref. I), shows that no interference to be expected 
will render the neutron activation method inapplicable for the determination 
of calcium. The most significant activation products are given in table 3, 
with their characteristics and the specific activities from a 10-min irra- 
6 2 diation of body tissue at a thermal-neutron flux of 3.5 x 10 n/cm -sec. It 
can he seen that the 3.1-MeV gamma ray of ca4' exhibits a higher specific 
activity than the nearest potentially interfering intense gamma ray, the 
24 2.75-MeV gamma ray of Na . Gamma-ray spectrometry can easily resolve these 
two gamma rays to give an almost interference-free analysis. 
The activation product s~~ has a gamma ray of nearly the same energy as 
4 9 3 7 3 6 that of Ca . However, the S arising from sulfur via the S (n,y)S 3 7 
thermal-neutron reaction will amount to only about 0.25% of the ca4' yield 
3 7 3 7 3 7 from calcium. Another reaction, C1 (n,p)S , also gives rise to S 
However, even with a fission-spectrum neutron flux equal to the thermal- 
neutron flux and with the same amounts of chlorine and calcium, the S 3 7 
yield is only 3.5% of the Ca4' yield. The amount of calcium in the body is 
ten-fold greater than the amount of chlorine, and the recommended neutron 
beam will have much fewer fission-spectrum neutrons than thermal neutrons. 
Therefore, the ~ 1 ~ ~ ( n , ~ ) ~ ~ ~  reaction is not expected to contribute more than 
- - 
a 0.1% error in the final result. In total, s ~ '  will thus contribute some- 
4 9 thing less than 0.35% of the total photopeak attributed to Ca . 
Accuracy.- The level of calcium activity indicated in table 3 is 
reasonably encouraging. If a 10-kg monkey were exposed to a homogeneous 
6 2 thermal-neutron flux of 3.5 x 10 n/cm -sec for 10 min, and if the monkey 
could be counted with the same efficiency as a 1-cc sample with a 7.6-cm by 
7.6-cm NaI (TI) detector, then the 3.1-MeV photopeak count rate of ca4' would 
be 12 000 cpm at the end of the irradiation. In a 10-min count, allowing 
for decay (Eq. (4)) while counting, 81 000 photopeak counts would be 
collected. The standard deviation of 81 000 counts, where the photopeak 
baseline is expected to contribute an additional Q10 000 counts, would 
correspond to an uncertainty of only t0.56 g out of 150 g of calcium. 
Of course, the size of the whole monkey actually precludes an optimum 
counting efficiency with a 7.6-cm by 7.6-cm counter. However, larger counters 
are available and may be used in a coupled array to achieve fairly good count- 
ing efficiencies. Even if only one-fourth of the counting rate cited above 
were realized, the standard deviation would be only +0.75% of the value. 
A possible source of difficulty in achieving highly accurate results is 
the perturbation of the thermal-neutron flux caused by scattering in the 
specimen. This effect will probably preclude the uniform irradiation of all 
body parts. A detailed theoretical analysis of the variation in thermal- 
neutron flux at different points in the body of a macaque monkey would be 
quite difficult, and is beyond the scope of the present work. The leakage 
of thermal and fast neutrons from the many diverse shapes such a specimen 
presents is not only complex, but it will differ with different specimen 
sizes and shapes. Also, an exact theoretical calculation would require an 
accurate knowledge of the neutron-energy spectrum in the neutron beam used 
to activate the sample. Therefore, in the present study several experiments 
were carried out in Phase B to provide data relevant to this subject. 
Comparator standards.- The difficulty presented by nonuniform irradiation 
can be circumvented through the use of flux monitors, phantoms, or accurate 
comparator standards. 
Flux monitors may be affixed to various points of the body to provide 
an indication of the true flux map. This method requires interpolation of 
the data to estimate the flux between monitoring points. Such interpolation 
poses problems, especially since it is not practical to mount monitors within 
the body. 
Phantoms may be constructed with cylindrical bottles containing solu- 
tions of calcium. This method provides a measure of integrated flux over an 
artifact with the approximate exterior dimensions of the sample. Implicit 
in this method is the assumption that little effective error results from 
the contrast between sample heterogeneity and phantom homogeneity. This 
assumption is questionable in view of the previously discussed neutron scat- 
tering considerations and counting geometry considerations, which will be 
discussed later. 
Accurate comparator standards may be constructed by using actual bones 
to make molds, and then using the molds to make models of the bones from a 
self-setting plastic into which a known amount of a calcium co~npound has 
been mixed. The bone models may then be covered with tissue-equivalent 
material in such a way that the dimensions and form of the represented body 
part are accurately duplicated. Such models will reproduce both the geometric 
and neutronic parameters of the samples that they represent. Hence, a minimum 
of assumptions and interpolations are associated with this type of comparator 
standard. 
18 
The accuracy with which comparator standards must be prepared deserves 
4 9 
consideration with respect to measurement of induced Ca . The irradiation 
aspect of the technique is considerably less sensitive to minor inaccuracies, 
especially when a nuclear reactor is used, since the neutron beam is broad 
and homogeneous. However, a volume element of an activated, complex sample 
acts as an isotropic source with a geometric relationship to a radiation 
detector that may be quite different from that of many other volume elements. 
\\There the face of the detector presents a surface area, B to the radia- 
tion, and where the distance from a volume element of the sample to the 
detector face is x, the fraction,G, of radiation from the volume element that 
falls on the detector is given approximately by the expression 
The fraction G is often called the "geometry factor." The counting rate, 
R, obtained from a point source having a disintegration rate A will be 
(for 100% emission of gamma rays and a 100% detection efficiency). 
Since the volume increments of the femur are distributed over a much 
greater space than those of the vertebra, it was decided to analyze the 
precision requirements of the femur model in terms of radial and longitudinal 
conformation. To a first approximation, the conformation of a thin cross 
section of the femur shaft may be likened to a ring. If the femur is counted 
with its long axis perpendicular to the radial axis of a cylindrical detector, 
the ring will be seen edge-on by the detector, as in figure 1. 
Assuming that the total activity of the ring is equally distributed, the 
specific activity, S, in activity per radian, is given by 
where O i s  g i v e n  i n  r a d i a n s .  The a c t i v i t y  a t  any i n f i n i t e s i m a l  p o r t i o n ,  P ,  
of t h e  r i n g  w i l l  b e  ( a g a i n ,  f o r  100% emiss ion  of gamma r a y s  and 100% count ing  
e f f i c i e n c y )  
dA = SdO (10) 
and t h e  coun t ing  r a t e  observed from t h e  increment  w i l l  b e  
dR = GdA 
2, BSdO 
dR 2, -7 
4 n r 2  
where r i s  t h e  d i s t a n c e  from P t o  F .  2 
With r e f e r e n c e  t o  f i g u r e  1, r i s  t h e  r i n g  r a d i u s ;  x is  t h e  d i s t a n c e  1 
from t h e  c e n t e r  of t h e  r i n g  t o  F;  y  i n t e r s e c t s  x  a t  r i g h t  a n g l e s ,  and d i v i d e s  
x i n t o  segments x and x2; and O i s  t h e  a n g l e  formed by r and x. The 1 1 
f o l l o w i n g  e q u a l i t i e s  p r o v i d e  a  b a s i s  f o r  t h e  p roper  e x p r e s s i o n  of r i n  2 
E q .  (11) :  
x = r cosO 1 1 
S u b s t i t u t i n g  w i t h  E q .  (14) and E q .  (15) i n  E q .  (16) y i e l d s  
2 2 112 
r = [ ( x  - rl COSO) + ( r l  s i n 0 )  1 2 
2 2 11 2 
= (x2 - 2xr cosO + r2 cos O + r2 sin 0) 1 1 1 
which simplifies to 
When E q .  (17) is used to substitute in E q .  (ll), the result is 
dR % BSdO 2 2 4n(x - 2xr cosO + rl) 1 
2 With the assumption that x2 + r = a, and -2xr = b, E q .  (18) takes the form 1 1 
for integration: 
Thus, 
and 
Computation of count rates for ring sources using Eq. (21) shows that 
ring sources have nearly the same counting efficiency as point sources under 
reasonable counting conditions. For example, when a point source has an 
activity of 6.2832 gamma-ray dps (disintegrations per second) and is located 
2 5 cm from the 45-cm face of a detector, the counting rate computed from Eqs 
(7) and (8) will be 0.90 cps (counts per second). If the same activity is 
distributed in a ring having a radius of 0.6 cm and its center located 5 cm 
from the same detector (r = 0.6 cm and x = 5 cm, and S = 1 dps per radian 1 
in Eq. (21)), the counting rate will be 0.91 cps. 
From the foregoing, it can be inferred that a solid femur model will 
have very nearly the same counting efficiency as an identically placed actual 
femur. This is verified by a detailed examination of the counting efficiency 
of a cross-sectional portion of such a model, which appears as a solid disc. 
The activity in a disc sample is distributed throughout the area, nr 2 
1 ' 
The specific activity may be related to the radius of the disc with the 
2 differential of the expression Area = nrl; i.e., 
Then the specific activity, Sd, can be expressed as 
- Activity 
Sd - 2rr, 
The count rate from the disc can be computed by substituting S for S and d 
integrating Eq. (21) between r = 0 and r = rl: 1 1 
2 
For the case where B = 45 cm , x = 5 cm, and the activity is 6.2832 dps, 
values have been computed for count rates obtained for rings (Eq. (21))and 
discs (Eq. (24)) of several radii. The results are as follows: 
Counting Rate, cps 
r19Cm Ring Disc 
- -
0.2 0.902 0.900 
0.4 0.904 0.901 
0.6 0.910 0.903 
0.8 0.924 0.908 
1.0 0.936 0.912 
It can be seen that a solid femur model (disc cross section) of the 
radius involved in the present study (0.6 cm) can be expected to provide a 
fairly accurate representation of the actual femur, which has a cross section 
intermediate between a disc and a true ring. 
Based on the foregoing discussion, the long axis of an activated femur 
may be viewed as a line source of radioactivity. In order to achieve the 
best geometry, such a source is usually placed with its long axis parallel 
to the face of the radiation detector, as shown in figure 2. The specific 
activity, S, of such a source is obtained by dividing the total activity by 
the length of the source; i.e., S = A / 2 Y  in figure 2. 
The counting rate, R, of such a source is given by 
where B is the face area of the detector, x is the distance from 0 (the center 
of the line source) to the center of the detector face, and y is the distance 
from the center of the line to the line segment dy. 
The integral of Eq. (25) is 
R = -  -1 Y BS tan - 2Trx X 
Thus, for a 20-cm line source (the length of the femurs used in this work) 
2 located 5 cm from a 45-cm detector and a total gamma-ray activity of 27~ dps, 
the count rate will be 
= 0.50 cps 
Clearly, the femur model must have very nearly the same length as the true 
feriur . 
From the foregoing it can be seen that although faithful reproduction of 
exterior dimensions, including any protuburances, is required in the con- 
struction of models of bones, very minor errors derive from the use of a 
homogeneous matrix. 
Literature Survey 
The indicator radionuclide used in the measurement of calcium in bone 
4 9 47 is not always Ca . For example, Soremark and Bergman used Ca generated 
12 2 in a 20-hr irradiation at a thermal-neutron flux of over 10 n/cm -sec for 
the simultaneous and destructive measurement of calcium plus numerous other 
elements in mandibular bone (ref. 10). Nevertheless, because of considerations 
already discussed, Ca4' is the indicator chosen for the present in vivo 
applications. This choice is substantiated by published reports on the 
subject . 
The use of neutron activation analysis for the in vivo determination of 
selected elements in body tissues has been examined by several investigators. 
In 1963, Maletskos, Osborn, and Braun (ref. 11) reported using a thermal- 
neutron beam (the thermal-neutron to fast-neutron flux ratio was about 1000) 
to activate a model "finger" consisting of a Lucite cylinder containing 
%23% W calcium, which was surrounded by a cylinder of simulated flesh "Lucite," 
to study the feasibility of using the technique to measure bone calcium. They 
reported that the calcium value was 15% greater than values predicted from 
flux measurements, but expected that a detailed theoretical analysis would 
49 
reduce the error to within 5%. The analytical indicator used was Ca a 
In 1964, Anderson et al. (ref. 12) reported using 14-MeV neutrons from a 
Cockroft-Walton generator to measure sodium, chlorine, and calcium in humans. 
In the system described, the 14-MeV neutrons were moderated by the hydrogenous 
material of the subject and adjacent polyethylene slabs that were 3 cm chick. 
24 38 4 9 The resulting thermalized neutrons produced Na , C1 , and Ca by neutron- 
capture reactions with the corresponding elements, and these radionuclides 
were measured by gamma-ray spectrometry. A phantom consisting of 10 cylin- 
drical polyethylene vessels, containing a total of 59 liters of solution, 
was used for calibration purposes. The solution contained sodium and chloride 
salts, but no calcium salt. The sodium, chlorine, and calcium values reported 
for two healthy humans of about the same age were as follows: total-body 
sodium, 82+3 g and 7'3 g; total-body chlorine, 90t7 g and 70+9 g; total-body 
calcium, 1500?300 g and 1140t140 g. Although these values, especially the 
calcium values, may be questioned on the basis of their disparity and the fact 
that no independent means of measurement was possible, the authors indicated 
that the method for determining calcium could be developed so as to have 
considerable value in studies of bone disorders and drug action. 
In 1965, Lenihan pointed out that a thermal-neutron dose of 101° nlcm 2 
127 delivered to the thyroid would generate enough (via the I (n,y)I 128 
reaction) to be measured by gamma-ray spectrometry, and would thus allow the 
in-vivo determination of iodine in the thyroid (ref. 13). Later, Lenihan 
et al. provided a preliminary demonstration of the validity of this approach, 
albeit with rather high total radiation doses, by determining thyroid iodine 
129 in live sheep (ref. 14). They used I as an internal monitor, which was 
measured prior to activation and gave rise to measurable amounts of I 130m 
during the irradiation. About 90 rad of gamma-ray dose, 110 rad of thermal- 
neutron dose, and 1 rad of fast-neutron dose were delivered to each of two 
sheep. The gamma rays were clearly discernible in postirradiation 
gamma-ray spectra. The in.vivo analytical results were confirmed by subse- 
quent analysis of extirpated thyroid tissue. 
In 1967, Battye et al. described experiments relating to the use of 
14-MeV neutrons for in vivo activation analysis (ref. 15). They pointed out 
that the method of Anderson et al. (ref. 12) contained a number of systematic 
errors relating to nonuniformity of irradiation, nonuniformity of counting 
geometry, and interfering reactions. They expressed doubts that a satisfactory 
solution of these difficulties was possible. In a discussion subsequent to 
this paper, it was pointed out that simultaneous biaxial rotation of the 
subject and a standard would be required to avoid the difficulties of 
nonuniform irradiation, including those arising from variations of 14-MeV 
neutron production from a Cockroft-Walton generator. 
Also in 1967, Boddy and Alexander described their experimental attempts 
to measure thyroid iodine via activation analysis with 14-MeV neutrons (ref. 
16). Their gamma-ray spectra had a very poor signal-to-noise ratio. That 
same year, Palmer et al. described a promising approach to the in vivo 
measurement of calcium (refs. 17 and 18). They used a cyclotron-produced 
low-level flux of fast neutrons to irradiate cadavers and phantoms, and 
passed the irradiated samples through a circular array of six 4-in.-diameter 
by 9-318-in.-long NaI(T1) detectors. Their irradiation and counting times 
were 15 min and 12.5 min, respectively, and the authors estimated that the 
method could quantitate whole-body calcium with a standard error of + 5 % .  
The work described by Palmer et al. is the best indication found in the 
literature that in vivo neutron activation analysis is suitable for the 
determination of body calcium. Their work is notable for several reasons: 
(1) an aqueous phantom containing a skeleton was used, so the phantom gave 
a better correspondence with an actual specimen than the usual homogeneous 
phantom; (2) the specimens and phantoms were formed in a circular arc to 
achieve more uniform incident radiation from the accelerator source of 
neutrons; and (3) a reliable method for absolute calibration was used. 
Despite these and other excellent features in the method of Palmer et al., 
there are some difficulties associated with the method: (1) the RBE of fast 
neutrons (>I MeV) was taken as 5 by the authors, which is the RBE of thermal 
neutrons, and (as is apparent from Table 2) the RBE of fast neutrons is 
appreciably higher; (2) the primary fast-neutron beam produces sufficient 
amounts of s~~ from chlorine to require a significant correction; and (3) 
the described thermal-neutron flux-gradient curves obtained by activating 
small vials containing manganese in a cadaver or phantom do not indicate 
Jc 
the status of lateral gradients. 
Recently, Comar et al. described measurements of neutron-capture gamma 
rays to obtain in vivo determinations of the calcium-to-chlorine mass ratio 
of a human tibia (ref. 19). They utilized a curved 2-cm by 5-cm channel, 
formed of nickel-coated glass bricks, to obtain a pure beam of thermal 
neutrons from the Saclay reactor EL3. The neutron flux from this beam tube 
7 2 
averaged 2 x 10 n/cm -sec and was entirely free of fast neutrons and gamma 
rays. In vivo irradiations of normal adult subjects were directed to the 
antero-internal face of the tibia. The dose rate was 0.23 rem/min, and 
irradiations of 10 to 30 min were performed. A 20-cc lithium-drifted 
germanium detector, coupled to a 4096-channel pulse-height analyzer, was 
used to measure capture gamma rays. These investigators did not report the 
accuracy or precision of their measurement, but they claim the calcium-to- 
chlorine ratio obtained was the same as that previously obtained by in vivo 
activation analysis with postirradiation counting (ref. 20). 
The work of Comar et al. is interesting in that they have addressed 
9c 
Private communication indicates that these authors have examined 
lateral gradients and found them to be acceptable. 
their attention to the measurement of elemental ratios. They reaffirm the 
essential impossibility of obtaining a uniform thermal-neutron flux throughout 
a large mass of tissue, and state that comparison of the radioactivity of an 
irradiated sample with that of an irradiated standard would be possible only 
if the standard faithfully reproduced the geometry and bulk composition of 
the sample--conditions they maintain are impossible to fulfill. 
The attenuation of a thermal-neutron flux in tissue has been investigated 
with the use of phantoms by Fairchild (ref. 21). His work indicated that 
2 cm of tissue attenuates the flux by a factor of 2.15. In a previously 
discussed paper (ref. 19), Comar et al. mention that their studies with 
phantoms indicate that the thermal-neutron flux is attenuated by a factor 
of 2 for each centimeter of tissue. The work described in the present 
report demonstrates conclusively that no simple attenuation factor is 
applicable in practice; rather, the attenuation factor is related to the 
geometry and dimensions of the sample. 
A brief synopsis of papers presented this year in Glascow at an informal 
conference on the progress and problems of in vivo activation analysis was 
recently published (ref. 22). Unfortunately, insufficient details were 
included in the synopsis to allow a critique of the work described. It is 
hoped that these papers will be published in their entirety in the near future. 
PHASE B 
Equipment 
Neutron sources.- The Gulf General Atomic TRIGA Mark I nuclear reactor 
was utilized as the chief neutron source for the present study. The reactor 
core is at the bottom of a 20-ft-deep pool of water and is surrounded by a 
graphite reflector. A 4-in.-ID pipe, with its lower end closed, was placed 
in a vertical position on top of the graphite reflector. The upper end of 
the pipe protruded above the level of the water that is used for cooling, 
neutron moderation, and bulk shielding. Thus, the pipe formed a dry, vertical 
passageway for neutrons; i.e., it acted as a neutron-beam port. 
When the reactor was operated at its rated steady-state power level of 
250 kW, the thermal-neutron flux at the beam port was approximately 2 x 10 6 
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n/cm -sec. Measurements with gold foils indicated that the neutron-beam 
cadmium ratio for gold was six to one. 
In addition, one of the 150-kV Cockroft-Walton accelerators at this 
laboratory was used to generate 14-MeV neutrons in order to obtain experi- 
mental data relating to the applicability of this type of neutron source in 
the present work. 
Counting equipment.- Solid NaI(T1) detectors were used in the measurement 
of the 3.1-MeV gamma ray that is emitted by ca4'. A 12.7-cm-diameter by 
12.7-cm-long detector was used whenever the greatest counting efficiency 
was desired. Otherwise, a 7.6-cm-diameter by 7.6-cm-long detector was used.A 
7.6-cm-diameter by 7.6-cm-long detector with a well was used to measure 
~u~~ in activated copper foils. In each case, the detector was coupled to 
a 400-channel pulse-height analyzer, which permitted gamma-ray spectra to 
be obtained. Thus, it was possible to quantitate the desired radionuclide 
activity in the presence of other radionuclides that gave rise to gamma rays 
of other energies. 
The 12.7-cm by 12.7-cm detector was located in an underground, cement- 
walled counting room, while the 7.6-cm by 7.6-cm detector was located in an 
aboveground counting room. 
Animal bones.- The NASA Ames Research Center supplied two macaque monkey 
femurs and two macaque monkey vertebrae for this study. The femurs were about 
20 cm long and had a shaft measuring about 718 in. in diameter at the mid- 
point of the length. 
The initial weights of the single femur and the two vertebrae used in 
the bulk of the experiments were 37.7327 g and 8.1691 and 7.5271 g. However, 
it was observed that these weights changed with time, probably due to changes 
in moisture content. 
Models.- Models of a femur and of a vertebra were constructed by mixing 
calcium carbonate in a self-setting resin and pouring the homogeneous mixture 
into rubber molds of the bones. Rubber molds were used to provide sufficient 
flexibility for nondestructive removal of the intact models after the mixture 
had hardened. The finished models were removed from the molds, allowed to 
dry at room temperature for 24 hr, and then oven-dried at llO°C overnight. 
Five femur models with five different calcium contents and five vertebra 
niodels made with corresponding calcium contents were prepared. The charac- 
teristics of these models are given in table 4. 
Additional samples.- Additional samples were prepared for experiments 
designed to provide supplementary information. One group of samples consisted 
of calcium-carbonate-loaded plastic cylinders, 1.4 cm in diameter by 4.6 cm 
long. These cylinders were covered with various amounts of hydrogenous 
materials for the purpose of investigating the effects of such materials on 
the neutron flux at the sample. One cylinder was left bare, and the rest 
were each encased in a 0.1-cm-thick polyethylene vial. Of the latter, one 
was used without the addition of further material; one was evenly covered 
with 0-15 cm of paraffin; two were covered semicylindrically with 0.15 cm 
of paraffin (including the ends); and three were evenly covered with 0.65 cm 
of paraffin, one completely and two semicylindrically (including the ends). 
Seven discs, 2.22 cm in diameter by 0.5 cm thick, were prepared from 
polyethylene. The discs were then stacked, with copper foils, 1 cm by 1 cm 
by 0.008 cm thick (275 mg) inserted between each pair of discs and at the 
top and bottom of the stack. The foils were centered on the long axis of the 
cylindrical stack. 
Six discs, 7.6 cm in diameter by 0.5 cm thick, were prepared from nylon. 
These discs were stacked with 1 cm by 1 cm by 0.008 cm (Q75 mg) copper foils 
between each pair and at the top and bottom of the stack. 
A 1-cc solution containing 5 pg of sodium and 50 pg of calcium, each as 
the nitrate, was prepared and sealed in a 2-dram polyethylene vial. This 
sample contained sodium and calcium in approximately the concentration ratio 
that is found in the primate body. 
Two polyethylene vials, with a 1.8-cm ID and a 5-cm inside height, were 
substantially filled with CaCO and then heat-sealed. These samples were used 3 
to examine the suitability of neutron activation with the Cockroft-Walton 
generator. 
Sample holders.- Two types of sample holders were used: one type for 
holding samples in a fixed position, and another type for swinging samples 
back and forth. The latter type, two of which were built, was used for 
irradiation and counting of femur bones and models. All other samples were 
irradiated and counted in fixed position, except in one experiment that 
involved simultaneous irradiation of a femur and vertebra. 
The fixed-position sample holders consisted of simple ring stands and 
clamps, with positioning marks, that allowed san~les to be reproducibly 
positioned for irradiation and counting. 
The swinging sample holder utilized a wheel, driven by an electric motor, 
with an offcenter pin to act as a cam shaft to drive a rod back and forth. 
Two versions were constructed. In one version, the cam wheel had a diameter 
of 7.6 cm and drove a short (6-in.) rod to which a 12-in. rod was connected 
with a universal joint. The longer rod was guided by a bearing to maintain 
a straight back-and-forth travel. This device passed an attached sample back 
and forth along a 7.6-cm line. Throughout the remainder of this report, this 
type of holder will be referred to as the "piston holder." 
The second version of the moving holder utilized a 4.75-cm-diameter cam 
wheel to which a 25-cm rod was attached. This 'rod was attached at 12.5 cm 
from the fixed end of a 91-cm-long rod. The fixed end of the rod pivoted at 
a bearing, so that each revolution of the wheel caused the loose end of the 
91-cm rod to be carried back and forth across a 37-cm-wide arc. This type of 
holder will be referred to as the "pendulum holder." 
Since the speed at which the sample is swept across a fixed point is a 
sinusoidal function of the position of the cam, the sweeps effected by these 
holders are termed "sinusoidal sweeps." 
Experiments 
In all irradiations with the TRIGA Mark I nuclear reactor, the reactor 
was operated at 250 kW. All counts were timed by elapsed time as well as 
instrument live time; the former is used in decay corrections, and the latter 
gives the actual counting time by compensating for instrument dead time. 
Femurs.- Irradiations of femur bone and models were carried out as 
follows. The bone was attached, with a clamp at its center, near the end of 
the 91-cm swinging arm of the pendulum holder. The position was adjusted so 
that at each end of a minimum horizontal swing across the &in. beam port, the 
entire 8-in.-long sample was out of the beam. The sample was always posi- 
tioned so that the neck was horizontal and the condyles faced upward. 
The holder arm was swumg so that the sample was not over the beam port 
at the start of the irradiation. The reactor was then brought to power, and 
the motor was turned on to swing the sample back and forth across the neutron 
beam. The time at the beginning of the irradiation and the duration of 
irradiation were recorded. Termination of the irradiation was effected by 
rapidly shutting down the reactor. 
At the end of the irradiation, the sample radioactivity was monitored, 
and the sample was then removed to the counting station. At no time was a 
significant amount of radioactivity, from the health-physics viewpoint, 
encountered in these experiments. 
At the counting station, the sample was attached to the arm of the 
piston holder, so that the sample was carried back and forth in front of, and 
at a constant and close distance from, the 12.7-cm by 12.7-cm NaI(T1) detector. 
In one experimental series only, a pendulum holder was used to swing the 
samples back and forth across the face of a 7.6-cm by 7.6-cm NaI(T1) detector. 
In all cases, the sample was positioned so that the side facing the detector 
was the same as the one that faced the neutron beam during the irradiation. 
The time at the beginning of a sample count, the "live" time of the count, and 
the "clock" time of the count were recorded. The accumulated gamma-ray 
spectrum was printed out on paper tape in digital form. 
The oscillatory movement of the femurs during irradiation and counting, 
which was necessary because the samples were long relative to the diameters 
of the beam port and detectors, was not required in the irradiation of the 
other,shorter samples (such as the vertebrae and calcium-loaded cylinders). 
After the femur had been analyzed by simulated in vivo measurements, it 
was sectioned into eight parts approximately as follows: (1) greater trochan- 
ter; (2) head; (3) neck and lesser trochanter; (4, 5, and 6) three sections 
of shaft; (7) medial condyle; and (8) lateral condyle. Each portion was 
placed in a separate 2-dram polyethylene vial, weighed, and analyzed by a 
standard instrumental neutron activation analysis procedure. 
The analysis procedure was as follows. The portions and a comparator 
standard (known amount of calcium carbonate in a 2-dram polyethylene vial.) 
were sequentially irradiated for 1 min in a thermal-neutron flux of 
12 2 2.8 x 10 n/cm -sec. After each irradiation, the sample was counted with a 
solid 7.6-cm by 7.6-cm NaI(T1) detector coupled to a multichannel pulse-height 
analyzer. 
Vertebrae.- In one series of experiments only, the pendulum holder was 
used to irradiate vertebra bone and models. In all other vertebra experi- 
ments, samples were reproducibly positioned on an aluminum plate over the 
neutron-beam port. In all cases, the processes of the sample faced to the 
side, and the beam was directed toward the ventral face of the body of the 
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sample. A 1-cm by 0.008-cm-thick copper foil was attached to the ventral 
face of the sample body to act as a flux monitor in some experiments. 
Irradiation timing was the same as with the femur bone and models in the 
series where the samples were carried back and forth across the beam port. 
Where fixed positions were used, the sample was put in place, and the reactor 
was brought to power in as nearly a reproducible fashion as possible. However, 
it was necessary to use flux monitors to correct for differences in this step. 
When the reactor was at power, the time was marked, and then after an accu- 
rately timed period, the reactor was shut off. 
The sample was then monitored, taken to a counting station, placed onto 
an NaI(T1) detector, and counted. All important time parameters were marked 
and recorded, and the gamma-ray spectrum was recorded on paper tape in digital 
form. Copper flux monitors, when used, were counted in the NaI(T1) well 
counter at 2 hr or longer after irradiation. 
After the vertebrae had been analyzed by simulated in vivo measurements, 
they were sectioned into three parts (in a tray so that none of the material 
was lost): (1) central processes, (2) lateral processes and posterior (hard) 
part of the centram, and (3) balance of the centrum. Each portion was placed 
in a separate 2-dram polyethylene vial, weighed, and analyzed by a standard 
instrumental neutron activation analysis procedure. 
The analysis procedure was as follows. The portions and a comparator 
standard (known amount of calcium carbonate in a 2-dram polyethylene vial) 
were sequentially irradiated for 1 min in a thermal-neutron flux of 
12 2 2.8 x 10 n/cm -see. After each irradiation,the sample was counted with a 
solid 7.6-cm by 7.6-cm NaI(T1) detector coupled to a multichannel pulse- 
height analyzer. 
After the neutron activation analysis, the three portions of one 
vertebra were oven-dried and dissolved in hydrochloric acid. Each solutjon 
was made to a known volume in a volumetric flask with water and then analyzed 
by atomic absorption analysis. The second vertebra and the femur \liere 
similarly analyzed. 
Other experiments.- The calcium-carbonate-loaded cylinders, with various 
amounts of adjacent hydrogenous material, were irradiated in fixed positions 
with the long axis of the cylinders perpendicular to the neutron beam. The 
cylinders were then counted with a 7.6-cm by 7.6-cm NaI(T1) detector in the 
same fashion as the vertebrae, the part of the sample that faced the beam 
being placed adjacent to the detector. All important time parameters were 
recorded, and the gamma-ray spectra were recorded on paper tape in digital 
form. Copper foils in polyethylene vials were used to measure the integrated 
neutron flux in each experiment. Two hours or longer after the irradiation, 
the foils were counted with the NaI(T1) well detector. 
The stacked assembly of polyethylene discs was covered with 0.010 in. 
of cadmium, except for the bottom of the stack, which faced the neutron beam. 
The assembly was kept in a fixed position during a series of five vertebra 
irradiations. The vertebrae (bone and models, one at a time) and the stack 
were at separate positions over the beam, and the cadmium suppressed mutual 
contributions of scattered neutrons. Foils at the bottom of the vertebrae 
measured the incident neutron flux. The stack was dismantled after the 
irradiation, and the copper foils were counted with the NaI(T1) well counter 
2 hr or longer after the irradiation. 
The stacked assembly of nylon discs was covered with 0.010 in. of 
cadmium, except for the bottom of the stack, which faced the neutron beam. 
In one experiment, the assembly was kept in fixed position over each of the 
five vertebrae (bone and models) that were irradiated sequentially in the 
same series of experiments in which the polyethylene discs were irradiated. 
The bottom of the stack was 1 cm above the body of the vertebrae. The stack 
was dismantled following the irradiation, and the copper foils were counted 
with the NaI(T1) well counter 2 hr or longer after the irradiation. In 
another experiment, the nylon discs were similarly irradiated with the 
following exceptions: (1) no vertebrae intervened between the beam and the 
discs; (2) in addition to the foils centered on the axis of the cylindrical 
stack, copper foils were placed on the bottom of the five lower discs at 
2.8 cm from the axis; and (3) the irradiation was of 15-min duration 
(uninterrupted) . 
The 1-cc solution containing 5 pg of sodium and 50 pg of calcium was 
irradiated for 10 min in the rotary specimen rack of the TRIGA Mark I nuclear 
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reactor, The thermal-neutron flux was 1.8 x 10 n/cm -see. Starting 4 min 
after the end of the irradiation, the sample was counted for 10 min with a 
7.6-cm by 7-6-cm NaI(T1) detector coupled to a multichannel pulse-height 
analyzer. 
The Cockroft-Walton generator was used to generate 14-MeV neutrons in 
close proximity to CaCO samples. Two configurations were used, in each of 3 
which the CaCO was placed at the center of a cube of paraffin that was 10 in. 3 
on each side. The cube had two 3-in.-diameter access holes: one for placement 
of the sample, and the other for acceptance of the generator beam tube. In 
one configuration, the generator beam tube was brought to a distance of 
i/8 in. from the sample, and the space between the tube terminus and sample 
was occupied by paraffin. In the other configuration, the beam-tube terminus 
was placed against the center of an uninterrupted side of the cube, so that 
the 3-1/4-in. distance between sample and terminus was occupied by paraffin. 
For each configuration, the irradiation was of 10-min duration, and a nearby 
BF neutron-counter system was used to obtain relative integrated neutron fluxes. 3 
The initial comparator standards used in the neutron activation analysis 
estimation of calcium in the sectioned bones were (1) calcium carbonate 
slurried in 5 ml of H 0, and (2) 5 ml of dry calcium carbonate. These 2 
standards were later studied by neutron activation analysis to ascertain 
their reliability. This work was carried out with 1-min irradiations in a 
12 2 thermal-neutron flux of 2.8 x 10 n/cm -sec, followed by gamma-ray spectrom- 
etry. The dry CaCO standards were run in duplicate, and they were compared 3 
with a different compound, calcium citrate. The slurried CaCO standards, 3 
which were used only in the case of one vertebra, were run in triplicate to 
check the reproducibility of this form of standard. 
Results 
Simulated in vivo measurements of calcium in bones.- In this section, 
the results of the bone experiments, together with the relevant experimental 
parameters,are presented in tabular form. The results given for the femurs 
do not include final adjustments resulting from the differences in relative 
calcium concentration between the models and bone along the length of the 
samples. The sinusoidal sweeps that were used in these experiments operated 
in conjunction with these relative differences to bias the experiments. 
However, the subsequent definition of calcium content in various parts of 
the femur, knowledge that the models had constant concentration in all parts, 
and analysis of the residence time of each part in the beam and before the 
detector permitted computation of an appropriate correction for the bias. 
The final corrected values are given later. 
The first femur experiments were merely exploratory. A femur bone and 
three models were sequentially irradiated for 10 min, as previously described, 
and then were counted for 10 min while sweeping back and forth in front of an 
aboveground 7.6-cm by 7.6-cm NaI(T1) detector. The results are given in 
table 5, and the gamma-ray spectrum of the bone is shown in figure 3. 
The second series of experiments was similar to the first. Femur bone 
and models were irradiated as before, and a second clamp held a vertebra 
(No. 1) bone or model for simultaneous irradiation. Corresponding models 
(e.g., femur model No. 4 and vertebra model No. 4) were irradiated together, 
as were the two kinds of bones. To avoid excessive background counting rates, 
these samples were counted in the underground bunker. A 12.7-cm by 12.7-cm 
NaI(T1) detector was used to count the femur samples, and a 7.6-cm by 7.6-cm 
NaI(T1) detector was used to count the vertebra samples. Each irradiation 
time and each counting time was of 10-min duration. The results of the second 
series of experiments are summarized in table 6. 
In the third series of experiments, the vertebra models and bone 
(vertebra No. 1) were sequentially irradiated for 10 min in a fixed position 
above the beam port while the reactor was operated at 250 kW. Flux-monitor 
foils were used. After irradiation, the samples were counted with the 
12.7-cm by 12.7-cm NaI(T1) detector while in a fixed position. The results 
are given in table 7, and the gamma-ray spectrum of the bone is shown in 
figure 4. 
In the fourth series of experiments, a femur and two femur models were 
sequentially irradiated for 15 min apiece, and immediately after being 
irradiated, each sample was counted for 15 min with the 12.7-cm by 12.7-cm 
NaI(T1) detector. The pendulum holder was used, with 12-in. sweeps, for 
the irradiations; and the piston holder was used, with 3-in. sweeps, for 
counting. The results of these experiments are given in table 8. The gamma- 
ray spectrum of the bone is shown in figure 5, where it can be seen that the 
3.1-MeV photopeak of ca4' is considerably improved over that from the 
preliminary experiment (fig. 3). 
In the final series of experiments, the second vertebra (No. 2) and two 
vertebra models were sequentially irradiated for 10 min in a fixed position 
above the beam port while the reactor was operated at 250 kW. Flux-monitor 
foils were used. After irradiation, the samples were counted with the 
12.7-cm by 12.7-cm Na1(~1) detector while in a fixed position. The results 
are given in table 9. 
Independent calcium assay in bones.- Neutron activation analysis and 
atomic absorption analysis were used to perform an independent calcium assay 
in bones. 
Neutron activation analysis: The results of the neutron activation 
analysis of vertebra No. 1 are given in table 10. The calcium content shown 
in the table was derived by comparison of ca4' photopeak activity (3.1 MeV) 
with that of a calcium carbonate slurry in 1 ml of water. This standard was 
designed to simulate the geometry of the sample segments. Later experiments 
showed that this type of standard contributes an uncertainty of about 3.5% 
to the result owing to variability of slurry behavior. 
The results of the neutron activation analysis of the femur and vertebra 
No. 2 are given in tables 11 and 12, respectively. In both cases, dry calcium 
carbonate was used as the comparator standard because the segments were 
specially cut to be evenly distributed in the vials. 
The results of the comparison of dry calcium carbonate standards with 
calcium citrate are given in table 13, together with the results of the 
measurement of three standards prepared by slurrying CaCO in 5 ml of water. 3 
It can be seen that the dry comparator standards agree to within about 0.5% 
of the average value. Hence, in the standard neutron activation analysis 
determinations,where dry CaCO comparator standards were used, no adjustment 3 
of the values was necessary. However, in the case of vertebra No. 1, where 
uneven distributions of the specimen fragments in the vials were duplicated 
by slurried CaCO the comparator standards have a poorer reproducibility. 3 ' 
Therefore, it was necessary to include the t3.5% relative standard deviation 
of the comparator value in the precision of the neutron activation analysis 
results. 
Atomic absorption analysis: The atomic absorption analysis was performed 
by a separate group, the Analytical Group of the Gulf General Atomic Chemistry 
Department, and the results are completely independent of the neutron activa- 
tion analysis results. 
The three weighed sections of vertebra No. 1 were dissolved in hydro- 
chloric acid, and then the solutions were made to an accurate volume and 
thoroughly mixed. Small aliquots of each solution were aspirated into the 
flame (total-consumption burner) of an atomic-absorption spectrophotometer, 
and the percent transmission of the 4227-A light from a calcium hollow cathode 
lamp through the flame was measured. To obtain values of calcium concentra- 
tion in the solutions, the results were compared with a calibration curve 
derived from measuring standard solutions of calcium in the same manner. 
The solution concentration values, in mg/ml, multiplied by the solution 
volume yielded the total calcium content in each part, as given in table 14. 
The second vertebra and the femur were similarly analyzed, and the results 
are given later in table 16. 
Correction for sinusoidal sweep bias in femur analysis by in vivo neutron 
activation analysis.- A model of the femur was sectioned in the same manner 
as the bone and each part was weighed. The relative calcium activations to 
be expected from the bone and model were compared by computing the fraction 
of calcium in the various sections and multiplying by the fractional time the 
sections were exposed to the beam during a sinusoidal sweep. In these 
calculations, the fraction of calcium in each section of the model was taken 
to be directly proportional to the fraction of the total model weight in 
each section. Table 15 shows the results of the computation. 
The relative activation of the model divided by that of the bone gives a 
ratio of 1.025, This is the factor by which the calcium values in the actual 
femur obtained by simulated in vivo neutron activation analysis must be 
multiplied to correct for the bias induced by sinusoidal sweeps during 
activation. 
ljhereas the irradiation geometry was sharply defined by a clear-cut 
4-in.-diameter neutron beam, the counting geometry was such that all parts of 
the femur were counted during all parts of the sweep. Therefore, the sinus- 
oidal sweep bias in counting proved to be comparatively insignificant. 
Summary of fully corrected calcium determinations.- The weights of calcium 
in the bones analyzed by the various methods are summarized in table 16. 
These results are fully corrected for factors previously discussed. The 
preliminary femur experiment and the preliminary vertebra experiment are not 
included in the summary. 
Cylinders: Results obtained from the irradiation of 2-dram, calcium- 
loaded cylinders are given in table 17. The sample configurations are as 
follows : 
Sample No. 1 was a bare cylinder. 
Sample No. 2 was a cylinder in a polyethylene vial. 
Sample No. 3 was a cylinder in a polyethylene vial, and the bottom half 
of the vial (the end and side toward the neutron beam) was covered 
with 0.15 cm of paraffin. 
Sample No. 4 was a cylinder in a polyethylene vial, and the bottom half 
of the vial was covered with 0.65 cm of paraffin. 
Sample No. 5 was a cylinder in a polyethylene vial, and the top half of 
the vial (the ends and side away from the neutron beam) was covered 
with 0.15 cm of paraffin. 
Sample No. 6 was a cylinder in a polyethylene vial, and the top half of 
the vial was covered with 0.65 cm of paraffin. 
Sample No. 7 was a cylinder in a polyethylene vial, and the vial was 
completely covered with 0.15 cm of paraffin. 
Sample No. 8 was a cylinder in a polyethylene vial, and the vial was 
completely covered with 0.65 cm of paraffin. 
Discs: As previously described, the two stacks of discs were irradiated 
simultaneously in one experiment with each of five sequentially irradiated 
vertebrae (four models and one bone). The final irradiation ended at 11:15, 
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and the counting rates of the 0.51-MeV photopeak of Cu in the copper foils 
at the bottom of the vertebrae were corrected to that time with the appropri- 
ate decay factors. The counting rates of the 0.51-MeV ~u~~ photopeaks of the 
copper flux monitors in each set of discs were also corrected to 11:15 with 
the appropriate decay factors. The corrected counting rates are given in 
table 18. 
The results of the experiment where the stack of nylon discs was irradi- 
ated by itself for 15 min are given in table 19. These results have also 
been corrected with the appropriate decay factors. The marked effect of 
hydrogenous material on neutron flux that is evidenced by these experiments 
is discussed later. 
Calcium and sodium.- For the solution containing 5 pg of sodium and 
50 yg of calcium, the described procedure (10-min irradiation, 4-min delay, 
and 10-min count) produced the gamma-ray spectrum shown in figure 6. The 
integrated 2.75-MeV photopeak of ~a~~ and the integrated 3.1-MeV photopeak 
of Ca4' were each measured, and the following specific activities in the 
peaks at the end of the 10-min irradiation were computed: 
4 9 Ca (3.1-MeV photopeak) . . 16.5 cpm/yg of calcium 
N/' (2.75-WeV photopeak) . . 124 cpm/pg of sodium 
Cockroft-Walton generator experiments.- The 10-min irradiation of 
10.5187 g of CaC03 with 118 in. of paraffin between the sample and the neutron 
source was accompanied by 589 463 counts on the BF monitor. The 10-min 3 
irradiation of 14.1154 g of CaCO with 3-112 in. of paraffin between sample 3 
and neutron source was accompanied by 1 139 485 counts on the BF counter. 3 
Approximately 2 min after the end of each irradiation, the sample was 
measured for a live time of 10 min, with a 7.62-cm by 7.62-cm NaI(T1) detector 
coupled to a multichannel pulse-height analyzer. In each case, the 3.1-MeV 
4 4 photopeak of 8.8-min ~a~~ and the 1.15-MeV photopeak of 22-min K were 
observed in the resulting gamma-ray spectra. The photopeak counting rates of 
these two radionuclides permitted the computation of thermal- and fast- 
neutron fluxes at the sample position. These fluxes, and a description of 
tlle experimental conditions, are given in table 20. 
44 4 4 The flux derived for fast neutrons is based on the Ca (n,p)K reaction, 
which has an effective (nuclear plus coulomb barrier) threshold of 9.1 MeV. 
Since most 14-MeV neutrons that undergo a single scattering event in paraffin 
will be dropped to <9.1 MeV, the fast-neutron fluxes given in Table 20 are 
essentially 14-MeV neutron fluxes. 
DISCUSSION 
Experimental Results 
The first determination of calcium in the femur and the first determina- 
tion of calcium in the vertebra (No. 1) were of a preliminary nature, and in 
both cases the standard deviations of the final results ('12% of the value and 
t19% of the value) reflect this fact. Therefore, the results of these 
experiments are not included in the following discussicn. Application of 
realistic improvements quickly brought dramatic improvements, with relative 
standard deviations for calcium values in femur and vertebra dropping immedi- 
ately to about '3% and '6%, respectively. 
The total calcium in vertebra No. 1 was determined by three methods: 
1.47'0.08 g by simulated in vivo neutron activation analysis, 1.47'0.02 g by 
standard neutron activation analysis, and 1.54'0.05 g by atomic absorption 
spectrophotometry. The statistical overlap of these three values, as defined 
by their respective standard deviations, indicates that the values are in 
very good agreement. It can be seen from the standard deviation of the 
simulated in vivo value that the agreement between this value and the standard 
neutron activation analysis value was fortuitous. 
Similarly, the determination of calcium in the femur by simulated in vivo 
neutron activation analysis (an average of 8.21'0.31 g in two determinations, 
corrected for sweep bias) agreed very well with the value of 8.3820.10 g 
obtained by standard neutron activation analysis. Finally, the calcium values 
obtained for vertebra No. 2 by simulated in vivo neutron activation analysis 
and standard neutron activation analysis (1.5250.10 and 1.67'0.02 g, respec- 
ti~el.~) were in fair agreement. The standard deviations were such that there 
is a 20% chance that the true value from the simulated in vivo neutron 
activation analysis experiment was - >1.645 g of calcium, and a 20% chance that 
tlie true value from the standard neutron activation analysis experiment was 
c1.645 g of calcium. The average of all values (Table 16) are given in 
- 
tile summary. 
The mode of irradiating the vertebrae, wherein a specimen was over the 
beam port during the power rise of the reactor, necessitated the use of flux 
monitors, since it was not possible to bring the reactor to power in an 
exactly reproducible fashion. However, the femurs were not brought into the 
beam until after the reactor was at full power, and since the reactor is 
servo-controlled to maintain an accurate power level, flux monitors were not 
required. 
The experiments pertaining to the effect of hydrogenous material on the 
thermal-neutron flux within the sample give striking evidence that size and 
configuration critically influence the flux. In the experiments with calcium- 
loaded cylinders, the effect of the thicker paraffin cover was very strong. 
When the paraffin was interposed between the neutron beam and the sample, the 
flux at the sample was only %62% of that when the paraffin was absent, and 
 hen the paraffin was only on the opposite side of the sample, the flux was 
%141% of that when the paraffin was absent. Furthermore, these opposite 
effects cancelled each other when the paraffin completely covered the sample. 
Tlie need for comparator standards that faithfully match the dimensions and 
configurations of the specimen for in vivo neutron activation analysis esti- 
mation of bone calcium was clearly brought out by these experiments. 
The disc experiments provide additional evidence regarding the influence 
of size and shape and demonstrate the presence of a "buildup" of neutron 
flux as a result of scattering. The buildup is clearly seen in the nylon- 
disc data and is easily demonstrated in the case of the measurements on 
smaller polyethylene discs. 
The macroscopic scattering c.ross section of polyethylene is calculated, 
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from a hydrogen concentration of 8.1 x 10 atomslcc and a microscopic 
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scattering cross section of 3.5 x cm /atom, to be 2.841cm. Hoirever, 
while the flux attenuation with distance as a result of scattering losses 
might be given by e -(2'84) (where x is the penetration distance) in a 
sample of very small diameter, the flux in the 718-in. polyethylene discs was 
attenuated in accordance with e . This variation in- flux 
attenuation with sample size is as follows: 
Polyethylene 
thickness, x 
Relative experimental 
flux (7/8-in. discs) a > 
If the effective buildup factor is defined as the ratio between the 
macroscopic cross section of hydrogen (2.84) and the applicable substitute 
value (1.33), then the buildup factor is 2.14. However, the fact that tllis 
buildup factor is reasonably constant throughout the 3.5-cm polyethylene discs 
represents a fortuitous balance between the various relevant processes 
(contributory scattering, scattering losses, and thermalization of epithermal 
neutrons). No such balance existed in the nylon-disc experiments. 
The relative effect of contributory neutron scattering (plus thermali- 
zation) over scattering losses was much greater in the case of the 
3-in.-diameter nylon discs than it was for the 718-in.-diameter polvetliylene 
discs. This effect is so strong that the thermal-neutron flux is greater 
at penetration depths of 0.5 cm and 1.0 cm than at the face of the assembly 
(zero penetration). Indeed, this effect was so pronounced that the experiment 
was performed twice to make sure the results were valid. 
The data from the Cockroft-Walton generator experiments showed that an 
excessive fast-neutron flux is present along with the useful thermal-neutron 
flux. The fast-neutron flux values given here, which were measured with a 
reaction requiring neutrons with energies >9 MeV, do not include the fluxes 
of neutrons having energies between thermal energy and 9 MeV. Thus, the 
fast-neutron dose rates at the sample that were computed from the generated 
K44 activity--about 4 x lo4 rem/hr with 118 in. of paraffin between the 
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source and the sample, and about 1 x 10 remlhr with 3-112 in. of paraffin 
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between the source and the sample --are understatements of the true fast- 
neutron dose rates. Such radiation dose rates should not be used for the 
49 time necessary to generate a useful amount of Ca in in vivo work. The 
reactor beam is much safer in this regard. 
The nuclear reactor neutron beam used in simulated in vivo experiments 
was derived from the top of the graphite reflector surrounding the TRIGA Mark I 
reactor core. The neutron energy spectrum at the reflector position has been 
described by \Jest (ref. 23). With the thermal-neutron flux values taken as 
unity, the more energetic components of the beam have the following relative 
fluxes and (again utilizing Federal Register values to compute doses) relative 
dose rates: 
2 
Obtained by dividing the flux values (n/cm -sec) given in table 20by the 
2 
number of 14-MeV neutrons/cm specified in the Federal Register (Title 10, Part 
20) to deliver 1 rem, and multiplying by 3600 sec/hr. 
Energy 
Thermal 
>thermal and 
<I00 eV 
100 eV - 5 keV 
5 keV - 20 keV 
20 keV - 100 keV 
100 keV - 500 keV 
500 keV - 1 MeV 
1 MeV - 2.5 MeV 
2.5 MeV - 5 MeV 
5 MeV - 7.5 MeV 
7.5 MeV - 10 MeV 
Relative 
flux 
Relative 
dose rate 
From the above values, it can be seen that the epithermal- plus fast- 
neutron dose from the beam was only $1.4 greater than the thermal-neutron 
dose, and that the total flux of epithermal plus fast neutrons was W.28 of 
the thermal-neutron flux. With the thermal-neutron flux equal to 2 x 10 6 
2 
n/cm -sec in the sample position, a time of 485 sec was required to deliver 
1 rem of thermal neutrons; i.e., the thermal-neutron dose rate to the sample 
was 7.5 rem/hr. The epithermal- and fast-neutron dose rate was 11 rem/hr; 
thus, the total neutron dose rate was 18.5 rem/hr. In the 10-min irradiations 
utilized in most of the experiments, the maximum delivered neutron dose was 
3.1 rem, and an equivalent dose of gamma rays was delivered. 
The contrast between the doses delivered by a 14-MeV neutron source and 
those delivered by a reactor beam port showed the latter to be the more suit- 
able tool for this work. 
Finally, it was shown that no serious interference with the in vivo 
determination of calcium by neutron activation analysis is to be expected 
from sodium in the body. 
Prospects for Actual In Vivo Determination 
of Bone Calcium by Neutron Activation Analysis 
8 As shown in table 1, 1.4 x 10 net photopeak (3,l MeV) cpm is obtained 
with a 7-6-cm by 7.6-cm NaI(T1) detector subsequent to the irradiation of 
12 2 1 g of calcium for 1 hr in a thermal-neutron flux of 3.5 x 10 n/cm -sec. 
From this, one can compute that a biologically safe, 10-min irradiation in 
6 2 
a thermal-neutron flux of 2 x 10 n/cm -sec would enable an investigator to 
obtain 436 net photopeak cpm per gram of calcium with the same detector. 
Allowing for a baseline contribution of about 20% of the net counts, one 
would expect a relative standard deviation of %5%, based on counting sta- 
tistics only, in a 1-min count. Similarly, the relative standard deviations 
subsequent to safe irradiation of 1.5 g (monkey vertebra) and 8.2 g 
(monkey femur) of calcium would be about i4% and 12%, respectively. 
In practice, of course, a comparator standard is used, and since the 
comparator standard must have essentially the same composition and form as 
the sample, similar relative standard deviations, based on counting statistics, 
would be obtained. Thus, with 1-min counts, the overall counting statistics 
in the determination of calcium in the vertebra and femur would be about '6% 
and t3%, respectively. 
In the present work, general counting geometries (particularly in the 
case of the femur) were considerably poorer than those cited in the above 
discussion. However, this factor was offset to some extent by the use of 
longer counting periods and the larger, 12.6-cm by 12.6-cm, detector, and the 
counting precisions obtained (vertebra, t6% relative; femur, '4% relative) 
were nearly as good as those estimated above. The experimental work therefore 
suggests that reasonable estimates of attainable precisions can be made for 
other bone weights. Such estimates have been made on the basis that 
comparatively inefficient single-detector counting geometries of larger 
samples can be compensated for by using longer counting periods and an array 
of detectors. These estimates are given in table 21. 
It has been experimentally demonstrated that the estimates given in 
table 21 for bone samples of up to 30 g are well within the reach of practical 
achievement. However, although overall relative standard deviations of about 
?I% might be achieved in serial measurements involving two measurements each 
4 8 
of specimen and standard, it is doubtful that standards can be obtained that 
will permit the determination of calcium with absolute accuracies and preci- 
sions of better than 2% to 3% for any sample. 
Assuming that a precision of 1% is attainable in the serial measurement 
of whole-body calcium losses of a given monkey having a total of 300 g of 
body calcium, there is less than a 50% chance that a change of 2 g or less 
of calcium could be detected. The chances for detecting, with serial 
measurements, changes of more than 2 g out of 300 g of calcium are as 
follows (in each case, the precision and accuracy of the measurement are 
about ?3 g): 
Change in 
calcium, g 
2.4 
Probability of 
detection,% 
5 7 
68.3 
8 2 
94.6 
97.6 
98.4 
In general, it is expected that the demonstrated accuracy for the 
measurement of calcium in the femur will be realized in actual in vivo 
measurements of the femur, humerus, spinal column, and tibia. Therefore, 
providing changes in bone density are directly proportional to changes in 
calcium, changes in density of 5%, lo%, 15%, and 20% in these bones should 
be measurable with accuracies (given as percentage of the change) of 60%, 
30%, 20%, and 15%, respectively. That is, where a standard deviation of 
about f0.18 g Ca is obtained in the measurement of bones containing around 
6 g of Ca (see table 21), the standard deviation is about 60%, 30%, 20%, and 
15%, respectively, of 0.3-, 0.6-, 0.9-, and 1.2-g changes of total calcium 
content. A precision of t4% to '5% of the value is expected in the measure- 
ment of calcium in the os calcis. Hence, 5%, lo%, 15%, and 20% changes would 
be measured to the nearest loo%, 50%, 33%, and 25% of the value of the change, 
respectively. 
The precision with which calcium in the pelvis can be measured is some- 
what uncertain at this time because of the presence of adjacent bones that 
would become simultaneously activated (femur and/or sacrum). It should be 
possible to confine most of the activation to the ilium, in which case serial 
measurement may be able to determine changes with the same order of accuracy 
as in the case of the femur. 
The achievement of a comparator standard that is suitable for absolute 
calcium determination by in vivo neutron activation analysis should be fairly 
straightforward. It is suggested that two frozen monkeys first be compared 
by neutron activation analysis, and then stripped and prepared as articulated 
skeletons. The skeletons could then be compared by neutron activation analysis, 
after which one would be analyzed for calcium in detail by high-flux 
neutron activation analysis or atomic absorption spectrophotometry. Finally, 
the intact skeleton would be covered with tissue-equivalent material to 
conform to the original shape of the monkey. A standard prepared in this 
fashion would be durable, flexible, and fully characterized. This standard 
would be useful in measuring bone calcium in the whole body, or selected 
parts, of a live monkey on either an absolute or relative basis. 
A large neutron port can be constructed at a nuclear reactor to allow 
the safe irradiation of a whole monkey. The port can be equipped with an 
adjustable shutter to allow portions of the monkey to be irradiated. The 
irradiated monkey can then be counted with a coupled array of large (12.6-cm 
by 12.6-cm) NaI(T1) detectors in an underground room. With expanded versions 
of the comparator standard, beam port, and counting station, essentially the 
same procedure that was used in the present work can be applied to live 
monkeys. 
In conclusion, it appears that the in vivo neutron activation analysis 
method can be developed to provide useful measurements of calcium in the 
macaque monkey. 
Gulf General Atomic Incorporated 
San Diego, California, June 13, 1969 
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TABLE 2 
Neutron 
Energy  
T h e r m a l  
100 ev  
5 kev 
20 kev  
100 kev 
500 kev 
Integrated Neutron F luxes  
to Del iver  One R e m  
2 Neutrons / c m  to Neutron 2 Neutrons / cm  to 
Del iver  One R e m  Energy  Del iver  One R e m  
970 x 10 6 1 Mev 26 x 1 0  6 
7 20 2 . 5  Mev 2 9 
820 5 Mev 26 
400 7 . 5  Mev 24 
120 10 Mev 2 4  
43  10 - 30 Mev 14 
TABLE 3 
Specific Act iv i t ies  of the  Most  Significant 
Radionuclides Produced  by a 10 Minute 
I r rad ia t ion  of the  Body a t  a T h e r m a l  
6 2 Neutron F lux  of 3 . 5  x 10 n / c m  - s e c  
Radionuclide Produc t  
Avg. Body a )  Energy  Specific Activity, b )  
Abundance, Half of Gamma  Photopeak c p m  p e r  
E lement  70 Species  Life Ray, Mev Gram of Body T i s sue  
- 
a)  Abundances i n  the  human adult .  T h e  macaque  monkey may  be  expected 
to have re la t ively  m o r e  ca lc ium than t he  human adult .  
b)  Computed as speci f ied  i n  re f .  1, with al lowance f o r  body concentra t ions .  
TABLE 4 
Models 
Model W e i g h t ,  g 
F e m u r  No. 1  39. 2126 
I  I  2 40.  3156 
1 1  3 40 .4704  
I  I  4 42.  1301 
1 1  5 30. 8969 
Ve r t eb ra  No. 1  8 .5620 
1 1  2 8 .4856  
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TABLE 14 
Atomic Absorption Analvsis  of Ver tebra  No. 1 
Por t ion 
Cent ra l  P r o c e s s e s  
Calcium, g 
0 .537tO.  014 
- 
L a t e r a l  P r o c e s s e s  and Pos t e r i o r  Hard  Bone 0 .539 tO.  014 
- 
Spongy Bone and Balance of Hard  Bone 
Total  

TABLE 16 
Sample 
Calcium in Bones, Fully Corrected, Summary 
Calcium, grams 
Simulated Standard Atomic 
In Vivo NAA NAA Absorption 
Vertebra No. 1 1.47 f 0.08 1.47 f 0.05 1.54 f 0.05 
Vertebra No. 2 1.52 -f. 0.10 1.67 =k 0.02 1.58 5 0.05 
Femur Avg. 8.21 f 0.31 8.38 f 0.10 8.20 5 0.20 
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T A B L E  18  
D i s c  E x p e r i m e n t s  
Spec i f ic  Act iv i ty  i n  0 .  5 1  Mev C u  6 4 
Pho topeak  of F l u x  Moni to r .  
Coun t s  p e r  Minute  p e r  M i l l i g r a m  o f  Copper 
F l u x  Moni to r  P o s i t i o n  a  A t  t h e  E n d  of t he  I r r a d i a t i o n  
B o t t o m  of v e r t e b r a  No. 1  18 .  2 
I I I 1  1 1  No. 2 14.  9 
I t  1 1  I I No. 3  16. 3  
I I 1 1  I 1  No. 4  16 ,4  
I I 1 1  1 1  No. 5 14 .  5 
( I n t e g r a t e d  V e r t e b r a e  F o i l  Spec i f ic  Ac t iv i ty )  
Top  of po lye thylene  d i s c  No. 1  
1 1  1 1  I I " N o . 2  
I 1  1 1  I I 
" N o . 3  
I t  I 1  I I 
" N o . 4  
I t  I t  I I " N o . 5  
1 1  II 1  t  " N o . 6  
1 1  1 1  I t  
" N o . 7  
B o t t o m  of nylon  d i s c  No. 1  
Top  " 1  I " No. 1 
1  I 1 1  I I " No. 2 
I I I I I !  I' No. 3 
I I 1 1  I I 
" No. 4  
1 1  I I 1 1  " No. 5 
I I I I 1 1  No. 6 
a )  D i s c  pos i t i on  nota t ion :  D i s c  No. 1  i s  c l o s e s t  to t he  inc iden t  bcam.  
d i s c  No. 2 i s  a d j a c e n t  to  d i s c  No.  1, c t c .  
D i s c  N o . ,  
F o i l  P o s i t i o n  
1 ,  bo t tom 
1 ,  top  
2 ,  I 
T A B L E  19 
Nylon D i s c  E x p e r i m e n t  
6  4 F o i l  Act iv i ty ,  Pho topeak  ( C u  ) c p m / m g  C u  
a t  End of I r r a d i a t i o n  
C e n t e r e d  F o i l  Offset  I?oila) 
6 ,  " 3. 12  
a) P l a c e d  a t  2 .  68  cm f r o m  c e n t e r  of nylon d i s c  to c e n t e r  of fo i l .  
T A B L E  20 
Cockcroft-Walton Genera to r  Espe r i lnen t s  
C a C 0 3  weight,  g 
I r r ad ia t ion  t ime ,  minutes  
B F 3  moni tor ,  counts 
S t a r t  of count, t i m e  a f t e r  i r r ad ia t ion  
Counting t ime ,  l ive 
1 1  
" , clock 
Net counts,  3. 1 Mev peak 
t " , 1. 15 " I '  
Decay f a c t o r s  f r o m  end of i r r a d i a t i o n  
to midpoint  of count: 
8.  8 min.  ~a~~ ( 3 .  1 Mev) 
22 min.  (1 .  15 Mev) 
Counting ef f ic iencies ,  photopeak 
3. 1 Mev 
1. 15 Mev 
Dis in tegra t ion r a t e s ,  c o r r e c t e d  
to end of i r r ad ia t ion  and  normal i zed  
6 to 10 B F 3  moni tor  counts ,  
d p m f g r a m  of ca lc ium,  
Paraff in  Thickness  Between Source & Sample 
0. 125 inch 3.5 inches  
10,  5187 14.  1154 
589, 463 
2. 00 min.  
10.  00 min.  10. 00 min 
10. 08 min.  
1680 
10. 08 min. 
1421 
1. 18 x 10 4 3. 1 Mev 
1. 80 x 10 4 1. 15 Mev 
Satura t ion f a c t o r s ,  10 min.  i r r a d .  
8.  8 min Ca  49 0 . 5 4 4  
22 min .  K 44 0. 27 1 
2 Flux,  a)  n / c m  - sec :  
4 8 T h e r m a l ,  f r o m  Ca (n ,  y )Ca 4 9 1. 17 x 10 7 
44 
F a s t ,  f r o m  Ca  (n ,  p)K 44 1 . 5  x 10 8 
a) Calcula ted  f rom:  A = Nu@, 
w h e r e  A = dis in tegra t ions  p e r  second p e r  g r a m  of ca lc ium and i s  
obtained by dividing d p m / g  by 60, 
2 0 N = 2 . 8 8  x lo19 a t o m s  ~ a ~ ~ / ~  ca lc ium,  and = 3 .10  x 1 0  a t o m s  
c a 4 4 /  g Ca,  
F = 1 . 1 ~ 1  0-24cm2 p e r  a t o m  ~a~~ f o r  (n ,  y )  react ion,  
= 2 .  5 x 1 0 - ' ~  c m 2  p e r  a tom ~a~~ f o r  (n ,  p) r eac t ion  with 
. . 
14 Mev neutrons ,  
S = sa tu ra t ion  f ac to r .  
TABLE 21 
Ca lcu la t ed  Re la t ive  S tanda rd  Devia t ion  of C a l c l u m  
D e t e r m i n a t i o n s ,  Count ing  S t a t i s t i c s  Only 
Bone C a l c u l a t e d  S tanda rd  Devia t ion  b 
W e i g h t ,  g Ca lc ium,  g qlo of Value C a l c i u m .  g a  
a )  A s s u m i n g  bone is 20% b y  we igh t  c a l c i u m .  
b) Including s t a n d a r d  dev ia t ion  con t r ibu t ion  of c o m p a r a t o r  s t a n d a r d  
S A M P  D E T E C T O R  \ 
+x. 
Figure 1. Counting geometry, ring sample 
E T E C T O R  
Figure 2. Counting geometry, line sample 
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Figure 3. Gamma-ray spectrum of neutron-activated femur obtained in first 
series of experiments 
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Figure 4. Gamma-ray spectrum of neutron-activated vertebra obtained in third 
series of experiments 
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Figure 5. Gamma-ray spectrum of neutron-activated femur obtained in fourth 
series of experiments 
& 1 . 3 7  M E V  Na 
' * *  2 . 2  ME" 2 . 7 5  MEV 
0 . 0  
0 
7 . 6  cm b y  7 . 6  cm N a l  detector -31 kev/ch. 
1 0  min irrad., 10 min count. 
0 2 0  4 0  5 0  8 0  100 1 2 0  140 
C H A N N E L  NUMBER 
Figure 6. Gamma-ray spectrum of neutron-activated solution containing 5 yg 
of sodium and 50 yg of calcium 
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